Abstract This study focused on the treatment performance of membrane-coupled organic acid fermentor (MOF) with intermittent reciprocal air/ozone backwashing for the keeping of high permeation flux as well as for the effective recovery of dissolved organics from municipal sewage sludge. Intermittent reciprocal air/ozone backwashing was effective for membrane fouling reduction. When MOF was operated under the conditions of pH 5.5, hydraulic retention time (HRT) of 2 days and 20 days of solids retention time (SRT), most favourable fermentation efficiency was attained. Great inhibition for acid producing by intermittent reciprocal air/ozone backwashing was not observed during long-term operation. MOF with intermittent reciprocal air/ozone backwashing is believed to be an effective system for the recovery of organic matter from municipal sewage sludge and membrane fouling reduction.
Introduction
The efficiency of anaerobic process is dependent on maintaining a high biomass concentration in the reactor, which in turn is dependent on the performance of the solids separation process. By employing a much more efficient separation process such as membrane filtration, the performance of the anaerobic system can be improved. Some kinds of membrane-coupled bioreactor have been proved to be an attractive process for the treatment of industrial and municipal wastewater (Ross and Strohwald, 1994; Yanagi et al., 1994; Leow and Bai, 2001; Bai and Leow, 2002; Chang et al., 2002) . However, some problems related to cake formation and biofouling offer limitations to the acceptance of membrane units for biological treatment (Choo and Lee, 1996; Ma et al., 2000; Kuberkar and Davis, 2000; Parameshwaran et al., 2001; Sponza, 2002; Yuan et al., 2002; Lim and Bai, 2003) .
Membrane fouling could be attributed to the adsorption of organic species, the precipitation of less soluble inorganic species, and the adhesion of microbial cells on the membrane surface. Since the permeation flux is known to be the main factor in determining the economic feasibility of membrane systems in practical aspects, specific applications of membrane process may require careful attention to various causes of membrane fouling. On the other hand, up to now, in an biological anaerobic treatment process using membrane, most researches have mainly focused on the promotion of treatment efficiency or energy recovery by methane. Relatively little attention has been paid to the recovery of fermentation permeates which abundantly containing volatile fatty acids (VFAs). VFAs are principal carbon substrates which can be usefully used in biological nutrient removal and are basic materials for the synthesis of polymer. Based on the above backgrounds, the objective of this study is to investigate the performance of membrane-coupled organic acid fermentor (MOF) with intermittent reciprocal air/ozone backwashing for membrane fouling reduction and the effective recovery of dissolved organics from municipal sewage sludge.
The reasons we adopt intermittent reciprocal air/ozone backwashing are as follows: (1) because continuous air or ozone backwashing have some anxiety of inhibition for acid production, especially acid producing bacteria, intermittent backwashing is believed to be an alternative; (2) because backwashing with only air is inefficient for membrane fouling reduction, reciprocal air/ozone backwashing was adopted.
Materials and methods
Membrane-coupled fermentor system and the outward and cross-section of metal membrane is shown in Figure 1 , the pilot scale system used in this study was mainly composed of acid fermentor with 100 (L) working volume and submerged type of metal membrane module, feed sludge container, permeate container and ozone generator. Metal membrane supplied by Fibertech Co., Ltd, Korea was used for experiments. Nominal pore size of metal membrane is 1 mm. It has an effective filtration area of 97 cm 2 per unit and a diameter of 1.4 cm and a length of 22 cm. The membrane module was designed as a tubular type and was made of stainless steel (SUS 316L) material which composed of five multi layers. Metal membrane has some material advantages for the application of wastewater treatment, such as the strength endurable impact force and tolerance to oxidation and high temperature compared to the conventional polymer membrane materials. In addition, it is capable of ultrasonic treatment for membrane cleaning.
Fresh sludge in primary clarifier was used as fermentation feed. The characteristics of fresh sludge are illustrated in Table 1 . The particle fraction of organic matter is very high, as indicated by the VS (volatile solids): TS (total solids) ratio, which occupies around 85%. To prevent the growth of methanogenic bacteria in the fermentor, pH was constantly controlled below 6.0 with HCl. The control of oxidation reduction potential (ORP) was not additionally conducted for the same purpose. In analysis, carbon concentration was measured with TOC (total organic carbon) analyser (TOC-5000, Shimadzu, Kyoto). VFAs concentration was measured using a gas chromatograph equipped with a flame ionisation detector and a 10 £ 0.53 mm HP-FFAP fused-silica capillary column. The initial temperature of the column was 80 8C for 5 min and then 150 8C for 3 min, and finally 180 8C for 4 min. The temperatures of injector and detector were both 200 8C. Helium was used as the carrier gas at a flow rate of 25 (mL/min). NH Table 2 . Operational conditions for continuous fermentation are shown in Table 3 .
Results and discussion /day) which corresponds to 1.7 times higher than that with air backwashing. It was found that intermittent reciprocal air/ozone backwashing was more effective than air backwashing for the retention of high permeation flux. This improves the dissolved organics recovery in membrane-coupled organic acid fermentor.
Intermittent reciprocal air/ozone backwashing could effectively recover the permeation flux and prolong the time to reach the membrane fouling rather than air backwashing. This may be ascribed to the decomposition of organic foulants in the membrane pore structure by the strong oxidation of ozone, as well as the exfoliation of cake layer by physical force of backwashing on the membrane surface with backwashing. The intermittent air backwashing method for membrane fouling reduction is believed to be relatively inefficient for long-term operation because it has only physical exfoliation effect.
As shown in Figure 3 , soluble COD concentration in the case of intermittent reciprocal air/ozone backwashing also showed a high value compared to the case with intermittent Water qualities of membrane-coupled organic acid fermentor in long-term operation
Water qualities of membrane-coupled organic acid fermentor at some experimental conditions were investigated in a long-term operation over 9 months. Variations of water quality as pH, suspended solids (SS), TOC and NH þ 4 2 N concentration are shown in Figures 4-7 , respectively. When MOF was operated around pH 5.5, hydraulic retention time (HRT) of 2 days and 20 days of solids retention time (SRT), total organic carbon (TOC) concentration showed the highest value. In the case where pH in the fermentor exceeds 6.0, TOC concentration showed relatively low values. This may be attributed to the growth of methanogenic bacteria which consume organics in accordance of pH increase. Maintenance of pH in the proper range is required for efficient anaerobic fermentation. The generally accepted range for good process efficiency is 4.0-6.5 (Speece, 1996) . It is stated that optimum pH in the acidification phase appeared to be 6.0 (Alexiou Hydraulic retention time ( , 1994) . SS concentration increased during the operational period. SS concentration in Runs 2 and 3 was higher than that in Run 1. TOC concentration in Run 2 showed higher value than that in Runs 1 and 3. On the other hand, fermented suspension contains a high concentration of NH 
Volatile fatty acids speciation
Identification of the individual acids formed during the acid-phase fermentation of fresh sludge is important, since it may furnish valuable information on the stability and dynamics of the fermentation system. VFAs distributions at each HRT are illustrated in Table 4 . Acetic acid and propionic acid were the major components, butyric acid and valeric acid followed. 
